Mycotoxin contamination in corn (Zea mays L.) grain is a worldwide threat to safety of both human food and animal feed. A select group of inbred corn lines was evaluated in fi eld trials for ear rot caused by Aspergillus fl avus and Fusarium verticillioides and mycotoxin accumulation in grain. Our goal was to identify lines resistant to both fungi. In separate tests, 20 inbred lines were inoculated with either A. fl avus or F. verticillioides. Aft er harvest, ears were rated for rot and evaluated for levels of afl atoxin or fumonisin contamination. Inbred line Mp717 exhibited low grain afl atoxin contamination and it also had the lowest levels of fumonisin. Inbred line Mp317 has been shown previously to have low levels of F. verticillioides kernel infection and fumonisin contamination. Mp317 also had low levels of afl atoxin contamination in this study. Area of the ear rotted by F. verticillioides and A. fl avus was signifi cantly correlated to toxin production for both fumonisin (P = 0.0002; r = 0.74) and afl atoxin (P = 0.004; r = 0.61), indicating that inbreds exhibiting afl atoxin resistance may also be good sources of fumonisin resistance. Our method of quantifying ear rot may also be used to rapidly screen lines for A. fl avus resistance and subsequent afl atoxin accumulation in preliminary evaluations.
M
ycotoxin contamination in corn grain is a worldwide threat to both safety of human food and animal feed (Balazs and Schepers, 2007) . Contaminated grain also aff ects international economic, regulatory, and trade policies (Payne, 1992; Wu, 2006 Wu, , 2007 . Two of the most problematic mycotoxins in corn are afl atoxin, which is produced by the fungus Aspergillus fl avus Link:Fries (Castegnaro and McGregor, 1998) , and fumonisin, which is produced by the fungus Fusarium verticillioides (Sacc.) Nirenberg (syn. F. moniliforme) (Gelderblom et al., 1988) .
Eff orts to develop lines resistant to afl atoxin accumulation in grain have been ongoing since the mid-1970s. Corn lines Mp420 (Scott and Zummo, 1992) and Mp313E (Scott and Zummo, 1990) were selected for resistance to A. fl avus kernel infection. Although some lines were generated using the plating techniques, this practice was expensive and time consuming. Surface sterilizing kernels and plating them on agar in Petri dishes to determine fungal infection is labor intensive. Two recently released corn lines Mp715 (Williams and Windham, 2001 ) and Mp717 (Williams and Windham, 2006) were developed by screening for afl atoxin contamination in lines inoculated with A. fl avus. Inoculating developing ears and using commercial tests such as the Afl aTest provides improved resolution for discriminating among lines potentially exhibiting resistance to afl atoxin accumulation in grain; however, it is also an expensive, time consuming procedure. Although lines resistant to mycotoxin accumulation in the grain have been identifi ed, additional sources of resistance to mycotoxin accumulation in the grain are currently being sought. With new afl atoxin quantifi cation techniques, breeding for resistance is still considered to be one of the best strategies currently available to lower afl atoxin accumulation in corn (Williams, 2006; Windham and Williams, 1997) .
Previous studies have indicated signifi cant correlation between ear rot and toxin levels for both F. verticillioides (Clements et al., 2003a; Robertson et al., 2006a; Robertson-Hoyt et al., 2007) and A. fl avus (Walker and White, 2001) . Robertson-Hoyt et al. (2007) evaluated a group of recombinant inbred lines (RILs) for ear rot and mycotoxin accumulation and suggested the utility of using rot ratings as a surrogate for toxin analyses to save time, minimize variation across environments, and reduce cost. Th e RILs used in this study were developed based on levels of fumonisin contamination in a segregating population. NC300, the source of resistance that was used to establish the RILs with various levels of resistance, had previously exhibited some resistance to Fusarium ear rot and fumonisin accumulation (Robertson-Hoyt et al., 2006b) . Abbas et al. (2005) examined the relationship between afl atoxin and fumonisin contamination in commercial hybrid lines in Arkansas. Observations from this study focused on year eff ects with respect to environment and toxin. Some years favored afl atoxin production while other years appeared to favor fumonisin production. Th ere did not appear to be any competitive exclusion of one toxin by the other as suggested by previous research (Marin et al., 1998) .
No information is available on corn inbred lines with resistance to both A. fl avus and F. verticillioides. Th e objectives of this study were: (i) to determine if a select group of inbred lines were resistant to afl atoxin and fumonisin accumulation in grain and (ii) to determine the relationship of ear rot with afl atoxin and fumonisin contamination.
MATERIALS AND METHODS

Inbred Selection
Twenty corn inbred lines (Table 1) were evaluated for mycotoxin (afl atoxin and fumonisin) and ear rot resistance in separate fi eld studies. Lines highly resistant to afl atoxin accumulation (Mp717, Mp715, Mp420, and Mp313E) and lines highly susceptible to afl atoxin accumulation (SC212m and Va35) (Williams et al., 2008) were included in the study. We chose lines resistant to mycotoxin accumulation from various regions of the country for these studies including a Texas line, Tx601, and several developed at North Carolina, NC388, NC400, and NC408. Yet another line, Mp317, was included because in previous studies it demonstrated some resistance to fusarium rot and fumonisin accumulation in addition to resistance to afl atoxin accumulation (King and Scott, 1981 
Inoculation
Toxigenic fungal strains used in the evaluations were A. fl avus NRRL 3357 and a wild-type strain of F. verticillioides isolated from corn kernels grown at Mississippi State, MS. Inoculum for both fungi was increased on sterile corn cob grits (size 2040, Grit-O-Cobs, Mt. Pulaski Products, Mt. Pulaski, IL) in 500-mL fl asks. Each fl ask contained 50 g of grits and 100 mL of sterile, distilled water. Th e inoculum was incubated at 28°C for 3 wk. Conidia were washed from the grits with 500 mL sterile distilled water containing 20 drops of Tween 20 per liter and fi ltered through four layers of sterile cheesecloth. Concentration of conidia was determined with a hemacytometer and adjusted with sterile distilled water to 9 × 10 7 conidia per milliter. Inoculum not used immediately was refrigerated at 4°C.
Th e side-needle inoculation method (Zummo and Scott, 1989 ) was used to inoculate the primary ear of each plant 7 d aft er midsilk (50% of the plants in a plot had silks emerged). Th is technique uses an Idico tree-marking gun (Idico Products Co., New York, NY) fi tted with a 14-guage hypodermic needle. Ears were inoculated by inserting the needle through the husk and injecting a 3.4-mL suspension containing 3 × 10 8 conidia (Clements et al., 2003b) . 2.3 † Area of ear rot was measured on 10 ears using a clear plastic grid marked in 1-cm 2 increments. ‡ Percentage of ear rot was rated on 10 ears using a scale of 1 (no rot) to 9 (fully rotten ear). § Means in a column followed by the same letter do not differ at P < 0.05 (Fisher's Protected LSD).
Harvest and Ear Rot
Th e inoculated ears in each plot were harvested by hand at kernel maturity, approximately 63 days aft er midsilk (DAMS). Th e ears were then dried at 38°C until they reached a uniform moisture concentration between 13 and 15%. Ear rot surrounding the inoculation site for each treatment was determined by measuring the total area in square centimeters of A. fl avus or F. verticilliodes rot per ear with a clear plastic grid with black lines spaced every centimeter (Fig. 1) . In addition to recording rot data with the grid, a rating scale similar to that used by Walker and White (2001) was used to generate visual estimates (1-9) according to percentage of the ear covered in rot. For this rating scale, a "1" represented a sample of ears with virtually no rot and a "9" represented a sample of ears fully covered in rot. Unlike the rot data, which were recorded for every ear of the sample and then averaged to estimate a single value of square centimeters of rot per ear, a single rating value was given to the entire sample, which typically consisted of 10 ears. Th e rating scale consisted of the following values: 1 = 0% rot on the cob, 2 = 0-5%, 3 = 5-10%, 4 = 10-25%, 5 = 25-40%, 6 = 40-55%, 7 = 55-70%, 8 = 70-85% and 9 = 85-100%.
Mycotoxin Analysis
Mature, oven-dried (13-15% moisture) ears were evaluated for rot, then they were machine shelled. Grain from the 10 harvested ears per plot was bulked,and samples were poured into a sample splitter twice to mix the grain. In Exp. 1, half of the mixed grain sample was used for af latoxin analyses and the other half was used to determine incidence of A. flavus kernel infection. Grain for mycotoxin analyses was ground using a Romer mill (Romer Laboratories Inc., Union, MO). Af latoxin contamination in a 50-g subsample from each plot was determined using the VICAM Af laTest (VICAM, Watertown, MA). The Vicam Af laTest uses a monoclonal antibodybased affinity chromatography to quantify af latoxins ( B1, B2, G1, G2 ) at concentrations as low as 2 mg kg -1 . In Exp. 2, fumonisin contamination in a 25-g subsample from each plot was determined using the Neogen Veratox test (Neogen, Lansing, MI) which can detect all the fumonisin homologs (FB 1 , FB 2 , and FB 3 ) at concentrations as low as 1 mg kg -1 . 
Statistical Analyses
All statistical analyses were conducted using the SAS soft ware package (version 8.2; SAS Institute Inc., Cary, NC). Logarithmic transformation [log(y + 1)] was used on all afl atoxin data to stabilize variance of the data. Data were analyzed using the Proc GLM procedure. In the model, years were random and inbreds were fi xed. Because of this, when the inbred × year interaction was signifi cant, it was used as the error term for making comparisons and calculating LSDs for inbred means. Reps (years) were used as error terms for the F-test to determine whether or not years were signifi cant. Means were separated using a Fisher's protected least signifi cant diff erence test at P = 0.05. All mycotoxin data are reported as geometric means (antilogarithm of the logarithmic mean). Treatment means were compared with a Pearson's correlation coeffi cient to assess the relationships among the various treatments.
RESULTS
Toxin
Mycotoxin accumulation for grain in 2007 and 2008 ranged from 2 to 19 ug g -1 for fumonisin (Table 1) and from 18 to 10,592 ng g -1 for afl atoxin (Table 2) . Th e 2007 growing season with respect to both temperature and rainfall was more favorable for growth of the 20 inbred corn lines than was 2008, and there was a more uniform contamination of the 2007 experiment with F. verticillioides with respect to both rot and toxin accumulation than in 2008 (Table 1; Fig. 2) . Th ere was a signifi cant relationship between afl atoxin and fumonisin accumulation (r = 0.61; P= 0.004).
Statistical Analyses
For the fumonisin experiments, rep (year) was used as the error term for the F-test of year. Inbred by year was signifi cant for the centimeters of rot data, (1-9) ratings data, and toxin data and was used for the F-test for inbreds. In the model, inbreds were fi xed eff ects and years were random eff ects. For the afl atoxin experiments, year was not signifi cant, but inbred by year was signifi cant for rot, ratings, and toxin. Inbreds were signifi cant for afl atoxin and ratings, but not for rot.
Ear Rot
Ear rot measured in square centimeters was signifi cantly correlated to toxin production for both fumonisin (P = 0.0002; r = 0.74) (Fig. 3 ) and afl atoxin (P = 0.004; r = 0.61) (Fig. 4) . Ear rot measured with the (1-9) visual rating scale provided slightly higher toxin correlations (P = 0.0001; r = 0.76 and P < 0.0001; r = 0.83) for fumonisin and afl atoxin, respectively (Fig. 3, 4 and 5).
DISCUSSION
Toxin
In both growing seasons, the inbred lines that had been identifi ed in previous studies (Williams et al., 2008) as resistant (Mp313E, Mp715, and Mp717) or susceptible (Ga209, T173, and Va35) accumulated afl atoxin at expected levels. Specifi cally, Mp313E, Mp317, and Mp717 had consistently low mycotoxin accumulation regardless of fungal inoculation type. Interestingly, Mp317 was included in these experiments because of its reported resistance to F. verticillioides resistance (King and Scott, 1981) ; however, it accumulated ] before statistical analysis, and tests of signifi cance were performed on transformed means before converting back to the original scale. ‡ Area of ear rot was measured on 10 ears after harvest using clear plastic grid marked in 1-cm 2 increments. § Percentage of ear rot was rated on 10 ears using a scale of 1 (no rot) to 9 (fully rotten ear). ¶ Means in a column followed by the same letter do not differ at P < 0.05 (Fisher's Protected LSD). the lowest afl atoxin and A. fl avus rot in the grain.
Th e relationship between afl atoxin and fumonisin accumulation was signifi cant, yet the correlation coeffi cient was low. It can be diffi cult to generate high r values dealing with the interaction of multiple biological systems of both plant and fungus coupled with the environment. A likely source of variability is the actual mycotoxin production in infected kernels and the eff ect of mixing and dilution of infected kernels with uninfected kernels.
It would be expected that lines with signifi cant rot would produce high levels of mycotoxin and conversely lines with low levels of rot would have low levels of toxin. Some of the 20 inbred lines did not follow this trend. An example of this phenomenon was the line Mp494 on which the severity of A. fl avus ear rot was the fourth highest yet the afl atoxin amount was the fourth lowest (Table 2) . Th ese data suggest separate gene action or diff erent mechanisms for toxin resistance and fungal rot resistance. Th e data from Mp494 may help to partially explain the low correlation coeffi cients, but the more interesting question is why there was not more toxin produced in this inbred. If Mp494 has a mechanism that limits or restricts the afl atoxin production pathway, this feature should be elucidated and introduced into other lines that also avoid fungal infection thereby providing a dual defense against both fungal invasion and toxin production.
Ear Rot
Th ere are advantages to the square centimeter technique and for the (1-9) ratings for assessing rot. Collecting only rot data eliminates a tremendous amount of additional labor and expense. Fully processing toxin samples requires transporting ears from the fi eld, drying and shelling ears, grinding samples, and running HPLC or Afl atest analyses. As suggested by Robertson-Hoyt et al. (2007) scoring ears in the fi eld could potentially eliminate much of the labor and expense associated with screening new inbred cultivars. In addition, in most previous studies examining the relationship between ear rot and toxin production, the ears were either large, uniform hybrid ears (Abbas et al., 2005; Clements and White, 2004) or similarly sized ears from recombinant inbred lines (RobertsonHoyt et al., 2007) . A diverse sample of ears from inbred lines will vary more in both length and diameter than ears from hybrids or RILs. Some inbreds produces ears that are short and thick while others produce ears that are long and slender. It may be diffi cult to estimate percent rot coverage on such variably sized ears within a single screening trial. Th e (1-9) rating scale is faster, but it is also subject to the bias, or perhaps inaccuracy, of person conducting the ratings. Measuring rotted area objectively on the ear in square centimeters may avoid this problem and avoid estimation bias, and increase repeatability among locations and among people making the estimates. However, care would need to be taken to avoid biased data; 10 cm 2 of rot on a tiny ear would be more severe than 10 cm 2 of rot on a large ear, and would underestimate the rot resistance potential of the large-eared line or overestimate the resistance of the small-eared line. A way to account for ear size variability with respect to inbred line is to measure the ear length and mid-ear girth of ears to estimate ear surface area so that percent ear rot could then be precisely calculated rather than assuming relative equal ear size among inbreds. Th is may improve the square centimeter ear rot data but it would also take more time and may defeat the original purpose of a rapid screen of multiple inbred lines. Th e square centimeter rot scoring technique may also be useful to enhance the ability to separate treatments or lines if there is little rot present and most of the treatments show 25% or less ear rot.
In summary, of the 20 lines in these experiments, several (Mp313E, Mp317, and Mp717) appeared to resist fungal infection by both A. fl avus and F. verticillioides and subsequent mycotoxin accumulation while other lines were highly susceptible (Ga209, T173, and Va35) to both fungi. Aspergillus fl avus and F. verticillioides are two of the most common contaminants of corn in the southeastern United States. It is signifi cant that several lines appear to be resistant to both fungi. It would be interesting to know the number of genes controlling the resistance mechanism or mechansims. One way to determine whether the same genes confer resistance to both pathogens or to accumulation of the toxins they produce would be to construct a populations derived from crosses between inbreds that show resistance to both, for example, MP715 or Mp317, and susceptible lines. One of the inbreds, Mp494, readily accumulated fungus in response to A. fl avus inoculation, but produced a disproportionately low amount of afl atoxin. It should be noted that Mp494 would have been cast out of our trials based on a preliminary screen only for fungal rot and any favorable mycotoxin avoidance characteristics would have been missed. Th is is a potential downfall of screening only based on rot; however, increasing throughput and decreasing cost may off set these potential issues. Although high-rot, lowtoxin ears would not be valuable agronomically, the potential mechanism behind this phenomenon merits additional study. Th ere were signifi cant correlations between ear rot and afl atoxin accumulation. Th is correlation was also observed in fumonisin as seen in previous studies. Ear rot appears to be a useful tool for screening multiple inbred lines rapidly. At a minimum, ear rot could be used for a fi rst cut to reduce the total number of lines that are subsequently screened with additional techniques, saving time and money and allowing more lines to be screened for resistance to mycotoxin accumulation in grain.
